Soil water repellency causes non-uniform water in ltration at slow ow rates, which leads to localized dry spot (LDS) on golf course putting greens. Wetting agents are the primary tool used to reduce soil water repellency on golf courses. Field experiments evaluating the e cacy of wetting agents o en result in inconsistent conclusions due to variable environmental conditions, management intensity, and level of hydrophobicity. is study used octadecylamine treated sand, which exhibits stable and consistent water repellency, to test the in uence of six commercially available wetting agents on water in ltration and sand rewettability. Replicated and repeated experiments were conducted using an in ltration tube system with a 4.4-cm ponding depth (h o ). Results showed that Cascade Plus, Tournament-Ready, and Hydro-Wet solutions exhibited signi cantly faster in ltration with steady ow rates at 35 mm min -1 or more, followed by Revolution and LescoFlo Ultra with a 25 mm min -1 steady ow rate. All treatments enhanced in ltration, but rewettability varied among tested wetting agents following drying cycles at 55°C until treated sand columns reached a constant weight. A er three dry-wet cycles, LescoFlo Ultra treated sand exhibited the best rewettability with a steady ow rate at 34 mm min -1 . In contrast, treatment with Surfside 37 resulted in limited rewettability; water did not in ltrate a er the second dry-wet cycle. Results suggest that there are signi cant di erences in in ltration and rewettability among the wetting agents tested in this study. It is advised that speci c management needs deserve consideration before selecting the appropriate wetting agent.
Soil water repellency is a widespread problem aff ecting pastures, agronomic fi elds, forests, and other natural areas especially where sandy soil is abundant (Dekker et al., 2005a; Larsbo et al., 2008) . Within the turf community, water-repellent soil is known to cause localized dry spot (LDS) on sandbased greens on golf courses (Wilkinson and Miller, 1978) . Regardless of management intensity, water repellency will eventually develop, and LDS may be observed in sand-based greens as few as 6 mo aft er construction (Tucker et al., 1990) . Without wetting agent treatment, water bypasses hydrophobic rootzones and ultimately leads to the death of turfgrass plants in the aff ected area. Evidence suggests that the coating of hydrophobic organic compounds on soil particles is the main cause of soil water repellency (Doerr et al., 2000; Miller and Wilkinson, 1977; Roberts and Carbon, 1972) . Th is phenomenon is more common on sand-based greens due to the small specifi c surface area of sand particles (Karnok and Tucker, 1989; Larsbo et al., 2008) .
A water-repellent soil cannot wet spontaneously when in contact with water, unless a positive hydraulic pressure is applied to force liquid into the soil (Bauters et al., 2000; Wang et al., 1998) . Infi ltration into water-repellent soil is oft en accompanied by preferential fl ow, which is driven by an unstable wetting front and causes nonuniform distribution of water within the rootzone (Nieber, 1996; Parlange and Hill, 1976) . A relatively high positive hydraulic pressure, approximately three times greater than the water entry pressure head (h w ), must be applied to increase the hydraulic conductivity (K) of water-repellent soils to a level similar to the corresponding wettable soil (Feng et al., 2001; Wang et al., 2000) . Th is solution, however, is typically impractical for routine management of a green.
An alternative solution to remedy LDS involves using wetting agents (Karnok and Tucker, 1989; Kostka, 2000) . Approximately 98% of golf course superintendents in the United States have experience using wetting agents (Karnok, 2006) . Wetting agents are amphiphilic compounds, and within soils the hydrophobic (nonpolar) portions of the compounds adhere to hydrophobic sand surfaces, whereas the hydrophilic (polar) portion of the compound interacts with water molecules. By attaching to their hydrophobic surfaces, wetting agents alter soil hydrophobicity and can potentially transform water-repellent soil into a more wettable growing media (Cisar et al., 2000; Dekker et al., 2005b; Karnok et al., 2004; Kostka, 2000) . Subsequently, wetting agent applications typically improve water infiltration into water-repellent soil.
Despite the widespread use of wetting agents, detailed research documenting the influence of wetting agents on water infiltration into water-repellent, sand-based greens is limited (Throssell, 2005) . One of the challenges that has limited such research is variation in the degree of hydrophobicity under field conditions (Throssell, 2005) . Other factors that complicate this issue include the time-consuming procedures for infiltration measurements, such as use of the double ring infiltrometer technique (Gregory et al., 2005; Lai and Ren, 2007) . Additionally, temporal changes in water repellency can create a confounding effect, as the degree of repellency for some soils can be changed after contact with water over time (Feng et al., 2001) . Therefore, the objectives of this study were to utilize consistently water-repellent sand to evaluate water infiltration and sand rewettability as influenced by selected wetting agents.
MATERIALS AND METHODS
Water-repellent sand was developed following procedures described by Bauters et al. (1998) and Bradford and Leij (1996) . Washed silica sand that meets the U.S. Golf Association (USGA) specifications for putting green construction (U.S. Golf Association, 2004) was used in this study. Particle distribution of the sand was 5% very coarse sand, 90% combination of coarse and medium sand, and 3.5% fine sand. Total porosity was determined to be 40% with 25% air-filled pores at a bulk density (D b ) of 1.7 g cm -3 (Nimmo, 2004) . A mass of 120 kg of sand was mixed with 90 g octadecylamine (N,N-dimethyl-n-octadecylamine) in 60 L tap water using a concrete mixer. After mixing for 24 h, the sand was dried in an oven at 75°C for 24 h. The sand was then rinsed three times with tap water to remove excessive octadecylamine, and dried again at 75°C for an additional 24 h. The treated sand was thoroughly mixed and stored for the experiments.
Hydrophobicity of the treated sand was determined using the water droplet penetration test (WDPT) (Bisdom et al., 1993) and the molarity of ethanol droplet test (MED) (King, 1981; Watson and Letey, 1970) after sand was packed to a D b of 1.7 g cm -3 . The treated sand exhibited a stable water repellency, i.e., the degree of repellency did not change after contact with water (Carrillo et al., 2000) ; tap water droplets never dissipated and eventually evaporated. The MED value of the treated sand was 7.2, which surpasses the threshold value of severe hydrophobicity (MED = 4.0) (Karnok and Tucker, 2001) .
The treated sand was also measured for liquid-solid contact angle (θ) and h w , because both factors affect infiltration. The θ of tap water was 101°, which was determined by using an Attension Theta Lite tensiometer (Biolin Scientific, Inc., Linthicum Heights, MD). The h w was determined to be 8.1 cm using the water-ponding method developed by Wang et al. (1998) . All experiments conducted for this study utilized the same lot of water-repellent sand.
For the infiltration measurements, a system was built using Harvel Clear PVC tubes (Georg Fischer Harvel LLC, Easton, PA) with a 5.08-cm inner diameter and 0.48-cm wall thickness. Tubes were cut to lengths of 20 or 50 cm for use as sand columns and for holding treatment solutions, respectively. A fine fabric screen was capped at the bottom of the 20-cm tubes to retain the sand and permit air exchange. A no-hub coupling (5.08-cm inner diameter and 10 cm long) (Fernco Inc., Davison, MI) was used to connect the sand column to the bottom of the liquid column. To prevent preferential flow at the contact of sand and column walls, the interior of the tubes was coated with Teflon Non-Stick Dry-Film Lubricant (DuPont, Wilmington, DE). Treated sand was slowly added into columns in three separate events to fill approximately one-third volume of the column for each event. The column was gently tapped on a hard surface while pouring the sand to achieve a D b of 1.7 g cm -3 . A consistent ponding depth (h o ) was maintained by placing a Mariotte bottle on a scale at an elevated height with solutions transported into the infiltration tube by syphon. The change in mass of solution in the Mariotte bottle (Δv) over a time period (Δt) was recorded and used to calculate the infiltration rate (i):
where r is the inner radius of the tube. An h o of 4.4 cm, which was established after preliminary studies, was maintained during all experiments. The Δv was recorded every min (Δt) for 30 min for each treatment. The K was calculated by dividing the steady flow rate by the hydraulic head gradient across the sand column:
where i c is the steady infiltration rate, Δh is the change in hydraulic head across the column, and L is the length of the sand column (Reynolds and Elerick, 2002) . Seepage time (T s ) was recorded as the time required for water to first exit the bottom of the sand column. The six wetting agents included in this study were Cascade Plus (10% alcohol ethoxylates, 90% polyethylene, and polypropylene glycols), Hydro-Wet (87.5% blend of poloxanlene, 2-butoxyethanol), LescoFlo Ultra (90% polyether polyol and 10% glycol ether), Revolution (100% modified alkylated polyol), Surfside 37 [37% nonylphenoxypoly (ethyleneoxy) ethanol, 18% polyoxyethylene esters of cyclic acid, and 14% polyethylene glycol], and Tournament-Ready (a blend of nonionic carbohydrate surfactants, polyoxyethylenepolyoxypropylene glycol, and polydimethylsiloxane). Infiltration of the six wetting agent solutions was measured following application at rates equivalent to one-fourth of the corresponding label rates (Table 1 ). The one-fourth label rates were chosen based on a series of preliminary studies, as infiltration is influenced by factors such as h o and wetting agent concentration, to ensure a relatively slow infiltration rate that could be recorded for all tested wetting agents. An infiltration test was also conducted using water-only treatment at the same h o of 4.4 cm. However, water did not infiltrate into the hydrophobic sand, because an h o of 8.1 cm was required for infiltration, which was described above. Thus, no infiltration data were collected for water-only untreated control.
After measuring infiltration with the wetting agent solutions, sand columns were carefully disassembled and placed in an oven at 55°C until a constant weight was reached. The dry, wettingagent-treated sand columns were reattached to the infiltration system without disturbing the sand, and tap water was applied with the same h o (4.4 cm) to investigate rewettability. This process was repeated twice for a total of three dry-wet cycles for each wetting-agent-treated sand column. All experiments were conducted in the laboratory at 22°C.
The experimental design for this study was a completely randomized design with three replications, and the entire study was performed twice. Analysis of variance was conducted using the Proc Mixed procedure of SAS 9.2 (SAS Institute, Cary, NC). There were no significant treatment × run interactions for any measurement; thus, data were pooled over the two studies and significant mean separations were performed based on Fisher's Protected LSD at P = 0.05.
RESULTS AND DISCUSSION

Wetting Agent Effects on Infiltration
Infiltration of the six wetting agent solutions (Table 1) into the 20-cm hydrophobic sand columns under a constant h o of 4.4 cm were calculated and are presented as a function of time in Fig. 1 . The infiltration pattern of all wetting agent solutions showed a rapid increase before reaching a steady flow rate and after the initiation of seepage from the column. This trend is different from a wettable soil in which the infiltration rate typically decreases over time (Wang et al., 2000) , but is consistent with infiltration patterns observed in water-repellent soils (Feng et al., 2001 (Feng et al., , 2002 Wang et al., 2000) . It is unlikely that the increase in infiltration rate over time is due to the release of organic coatings from the sand particles by the wetting agents (Letey et al., 1962) , because the hydrophobic sand used in this experiment exhibited stable water repellency after contact with water (Carrillo et al., 2000) . Our results support the explanation proposed by Feng et al. (2001) , who concluded that as solution infiltrates into the water-repellent soil, the hydraulic head increases as the depth of wetting front increases, which results in an increase in soil water content (Carrillo et al., 2000) , and consequently an increase in infiltration.
Despite a similar pattern, infiltration of the six tested wetting agent solutions showed distinct rates (Fig. 1) . Cascade Plus, Tournament-Ready, and Hydro-Wet infiltrated quickly and reached a steady flow rate of 35 mm min -1 or greater within 9 min after ponding. Revolution showed an intermediate infiltration rate and columns treated with this product reached a steady infiltration rate of 25 mm min -1 within 15 min of ponding. Surfside 37 showed the slowest infiltration rate (17 mm min -1 ) and did not reach a steady flow rate until 20 min after ponding. Previous research found that infiltration pattern and rate of water-repellent soils are correlated with the ratio of h o to required liquid entry pressure head (h p ); increasing the h o /h p ratio increases infiltration rate (Feng et al., 2001 ). Because h o was maintained at a consistent level for all experiments, variation in infiltration rate is likely due to the modification in degree of water repellency caused by wetting agent adsorption to sand particles (Feng et al., 2002) . As the degree of water repellency affected the required h p , adsorption of the wetting agents to the sand particles subsequently changed the h p necessary for the solutions infiltrating into the water-repellent sand (Carrillo et al., 2000) . * Means followed by different letters for each parameter indicate significant differences based on Fisher's Protected LSD at P = 0.05. † Seepage time = required time for the initial water to exit the bottom of the sand column. ‡ Untreated control with water-only treatment did not infiltrate into the hydrophobic sand at the 4.4-cm ponding depth, thus no data were collected. § The wetting agent concentrations are equivalent to one-fourth of label rates for each product. Different from other wetting agents, the infiltration pattern of LescoFlo Ultra exhibited an increase followed by a decrease in flow rate before reaching a steady flow rate similar to Revolution. The initial increase in infiltration is typical of infiltration patterns for water-repellent soils, but the following decrease before reaching a steady flow rate is more typical of a wettable soil. Even for water-repellent soils, Feng et al. (2001) showed that the infiltration pattern could transform from increasing through time to decreasing through time as typical of a wettable soil when the ratio of h o /h p is greater than the critical value of 2.6. It is likely that the initial adsorption of LescoFlo Ultra resulted in a greater reduction in water repellency, which produced a more wettable sand.
After a certain period of ponding, wetting agent solutions started to seep out of the sand columns. Significant differences in T s were observed among the wetting agents evaluated (Table  1) . Wetting agents that infiltrated quickly, such as Cascade Plus, seeped out in less than 50 s after ponding, compared with wetting agents that infiltrated slower, such as Surfside 37, which took approximately twice as long for initial seeping.
Hydraulic conductivity was calculated based on the steady infiltration rate (Table 1) . Similar to the results of T s , significant differences were found in K among the wetting agents evaluated. Wetting agents with shorter T s resulted in higher K, such as Cascade Plus, which showed a two times greater K value compared to Surfside 37. Although K values of the evaluated wetting agents ranged from 14 to 30 mm min -1 , they all meet the USGA suggested minimum saturated hydraulic conductivity (K sat ) of 2.5 mm min -1 for a putting green rootzone (USGA, 2004) .
Wetting Agent Effects on Rewettability
After three dry-wet cycles, water infiltration rates at the same h o (4.4 cm) into wetting-agent-treated sand columns are presented as a function of time after 1, 2, and 3 dry-wet cycles in Fig. 2 a, b , and c, respectively. Similar to the infiltration of wetting agent solutions (Fig. 1) , water infiltration into the water-repellent sand columns after dry-wet cycles showed an initial rapid increase before reaching a relatively steady flow rate. This result is different from that of Feng et al. (2002) , who reported that water infiltration into wetting-agent-treated sand columns decreased over time, which is typical for wettable soils. However, the h o was 20 cm in the study conducted by Feng et al. (2001) , which was four times greater than the 4.4 cm h o used in this study.
The six wetting agents tested showed distinct differences in flow after rewetting the wetting-agent-treated sand columns. LescoFlo Ultra and Cascade Plus were the only two wetting agents that maintained rewettability after three dry-wet cycles (Fig. 2c) . Tournament-Ready and Revolution treated sand columns showed a progressive decline in steady infiltration rate - * Means followed by different letters in each column indicate significant differences based on Fisher's Protected LSD at P = 0.05. † Seepage time = required time for the initial water to exit the bottom of the sand column. ‡ Untreated control with water-only treatment did not infiltrate into the hydrophobic sand at the 4.4-cm ponding depth, thus no data were collected. § The wetting agent concentrations are equivalent to one-fourth of label rates for each product. ¶ Sand columns did not seep out from the bottom of the sand columns and/or reach steady flow, and therefore no T s and/or K were calculated.
after the first two dry-wet cycles, and water did not infiltrate after the third drying event (Fig. 2b and c) . The least degree of rewettability resulted from Hydro-Wet and Surfside 37 treated sand columns, where minimal infiltration was observed after only one dry-wet cycle (Fig. 2a) .
Compared with the infiltration of the wetting agent solutions (Fig. 1) , the rate of water infiltration into LescoFlo Ultra treated columns showed a 45% increase after the first drying event (Fig. 2a) . This result is in agreement with Feng et al. (2002) , who reported that water-repellent sand treated with some wetting agents exhibited an increase in rewet flow rate compared with the original infiltration of wetting agent solutions. LescoFlo Ultra treated sand columns maintained a 34 mm min -1 steady flow rate, even after three dry-wet cycles (Fig. 2c) . Cascade Plus treated sand maintained a steady flow rate of 25 mm min -1 after the final dry-wet cycle.
Seepage time results showed a similar trend (Table 2) . Water did not seep out from Hydro-Wet and Surfside 37 treated columns after the second drying event, or from Revolution and Tournament-Ready treated columns after the third drying event. Compared to the T s of wetting agent solutions before drying, longer times (67-635 s) were needed for water to seep out of wetting-agent-treated columns after the first drying event. For sand columns previously treated with Cascade Plus or LescoFlo Ultra, the T s increased progressively and was approximately two to four times greater after three dry-wet cycles compared with the T s after one drying event.
Similarly, sand columns treated with Cascade Plus or LescoFlo Ultra maintained a K of 21 mm min -1 or greater, even after three dry-wet cycles (Table 2) . Hydraulic conductivity was not calculated for Surfside 37 and HydroWet treated sand columns after one dry-wet cycle, or for Revolution and Tournament-Ready treated sand columns after two dry-wet cycles, because water could not penetrate these treated columns. Preferential flow (5 mm min -1 or less) (Fig. 2b) was observed through the transparent PVC tube in columns treated with these wetting agents, which led to a slow increase in infiltration, even after 2 h of ponding (Fig.  2b) . This result supports the findings of Carrillo et al. (2000) , Feng et al. (2001), and Wang et al. (2000) , who indicated that the occurrence of preferential flow in water-repellent soils is associated with slow infiltration and an increase in soil water content over time.
Collectively, our results demonstrate that more wettable soil conditions can be obtained by using certain wetting agents, such as Cascade Plus and LescoFlo Ultra. The label of LescoFlo Ultra suggests a season-long residual effect, compared with most other wetting agents, which require repeat applications at a maximum 30-d interval. Our results also agree with field data reported by Cisar et al. (2000) who showed that one application of Cascade Plus and LescoFlo Ultra in May resulted in less than 10% LDS in August, compared with 93% LDS in untreated plots. Another study conducted by Karnok and Tucker (2008) found that with reduced irrigation, plots treated with two applications of Cascade Plus in July maintained a steady soil moisture level (15%) 3 mo after the applications, whereas Surfside 37 treated plots only maintained a steady moisture level for 3 wk.
CONCLUSIONS
All tested wetting agents improved infiltration into water-repellent USGA-grade sand compared with wateronly applications that did not infiltrate into the waterrepellent sand at 4.4 cm h o in this experiment. However, significant differences in infiltration pattern, rate, and effects on rewettability occurred among the six wetting agents. Treatments with LescoFlo Ultra and Cascade Plus maintained stable rewettability of water-repellent sand after three drywet cycles. In comparison, Surfside 37 exhibited a minimal residual effect; water did not seep out of the sand columns after a single drying event. Although differences in infiltration and rewettability are evident among tested wetting agents, it is important to note that besides facilitating infiltration, golf course superintendents also use wetting agents for a wide range of purposes, such as improving water retention, promoting uniform water distribution within the rootzone, and reducing dew and frost formation. An ideal wetting agent product would maintain a balance between water retention and infiltration. Future research is needed to elucidate the complex effects of wetting agents on turfgrass plant growth in water-repellent soil.
